hr. to 96 hr. The effect of the 1600 F. stabilizing heat treatment in removing susceptibility to intergranular attack is most beneficial if the austenite grain size is fine, but is less effective on coarse grained austenite. This heat treatment when followed by slow cooling is very effective in removing fabricating stresses and eliminating the possibility for stresscorrosion cracking.
The best means of avoiding intergranular cracking in welded austenitic stainless steel alloys is to use the alloys stabilized with either columbium or titanium added in proper proportions to the carbon content for the service conditions. When transgranular cracks are identified in the failure of some stainless alloy in service this is a definite sign of stress corrosion.
We know very little about the theory of transgranular cracking or even about the corrosive media necessary to accelerate it, although laboratory test mixtures containing chlorides and water have been found to be very effective in producing stress-corrosion failure.
We believe that with certain corrosive conditions the threshold stress necessary to initiate transgranular cracking may be very low and of the order of 3000 to ~o,ooo psi. This stress may be the result of cold straightening after annealing, the stress caused by quenching the alloy, stress produced by welding, by grinding, or stress caused by expansion when the alloy is coupled with a material of lower or higher expansion. Sheared edges, stamped numbers and cold rolling accelerate stress corrosion of austenitic alloys when subjected to the proper corrosion environment.
Realizing the importance of stress corrosion upon industrial equipment utilizing stainless steel, my company has for many years supplied fabricated test specimens of the commercial alloys to their customers for field tests to determine the acceptability of these fabricated alloys when stressed to the service conditions. This testing program has yielded many interesting results and the use of stressed specimens has dictated in many cases the proper alloy to use to avoid stress cracking. Unstressed specimens of a variety of alloys frequently do not show enough difference in general corrosion resistance to base a completely satisfactory selection.
I n our work of alloy selection for a specific application we include specimens of a size that can be adapted to some existing equipment or to laboratory testing units. We have used specimens to which static stress can be quite accurately FIG. 2.-STRAIN GAGE CEBIENTED TO TENSION SURFACE O F D E h h I SPECIJIEN. ( X I . ) applied and examples of these are shown in Fig. I .
The horse-shoe specimen is simple to make and can be formed from a welded sheet and heat treated to simulate fabricating conditions. Stress is applied across the open ends with a n alloy stud and nuts.
The beam type specimen requires a base plate and we usually make this from %-in. thick plate using about %-in. thick sheet for the beam specimen. The stressed specimen may be welded and can be treated to simulate fabricating conditions.
The tuning fork specimen has been used where it is desired to insert specimens through a small opening into high pressure equipment. The specimen can be made with a weld just above the apex of the fork. The stress is applied by squeezing the ends of the fork. The stress applied to any of these specimens can be determined with the Baldwin-Southwark SR-4 strain indicator. Figure 2 shows the type A-7 strain gage cemented to the tension surface of a beam specimen over the fulcrum on the base plate and a t a location where the maximum stress will be applied in bending. Figure 3 shows a series of beam specimens with gages connected to the strain indicator ready for the application of a measured stress.
FIG. ~.-BEA>~ SPECIMENS WITH GAGES CONNECTED TO STRAIN INDICATOR READY FOR STRESS
MEASUREMENT.
We generally apply between 30,000 and ~0,000 psi. outer fiber stress on our horseshoe specimens when testing for susceptibility to stress-corrosion cracking on a series of alloys for a service in which alloys have not been tested previously. After a preliminary test on specimens stressed near the yield point of the alloys, we may select those with the most satisfactory corrosion-resisting properties for a more complete study of stress.
I n the interest of learning more about specific corrodents which can cause transgranular cracking of stainless steel, the Engineering Foundation, through the High Alloys Committee of the Welding Research Council, provided funds for some preliminary investigations which were begun in 1940.
For this work two types of stainless steel were selected, ferritic and austenitic, and in the tests that were made and reported in reference(3) i t was found that the ferritic alloys were practically immune in the solutions tested.
Most of the austenitic alloys tested failed in one or several of the chloride solutions that were tried but no single solution was found that would crack all types of stressed austenitic stainless steel. From this preliminary work a 60 per cent hydrated magnesium chloride solution acidified slightly with hydrochloric acid and boiling a t 239 F. (115 C.) showed the most promise of being a satisfactory test solution to determine the threshold stress necessary to initiate transgranular cracking.
The 60 per cent hydrated magnesium chloride solution was then tried on two columbium-stabilized stainless steels. The type 347 stainless steel cracked with either a full annealing treatment a t 1900 F. or with a stabilizing heat treatment a t 1600 F. a t stresses as low as 2 0 per cent of the yield point. The stress cracks produced by the two heat treatments were characteristically different. The 1600 F. stabilizing treatment followed by elastic stressing produced fine branched cracks angular to the surface, while the 1900 F. treatment produced straight cracks normal to the surface. Figures 4 and 5 illustrate the fracture paths of cracks from the surface in tension. These photomicrographs were obtained from cross-sections cut from the cracked areas of horse-shoe specimens.
The type 316Cb stainless steel would not stress crack in this test solution a t any stress level.
In this preliminary survey of solutions our goal was to find a testing medium that would crack all stainless alloys under 300 hr. of boiling. The boiling 60 per cent MgC12.6HzO solution cracked types 302 and 304 compositions in less than 52 hr. and the types 347 and 321 compositions in less than 40 hr. but failed to crack any 18-8 Mo compositions, either types 316 or 317 in 500 hr. of test.
I n the work in our laboratory we decided to increase the boiling point of the magnesium chloride solution and found after several experiments that a solution containing approximately 137s g. of MgC12.-6 H z 0 and 150 ml. of Hz0 boiling a t 309 F. (154 C.) would crack any of the type 316 alloys when suitably stressed. This solution contains about 42 per cent MgC12.
This solution when refluxed to control the boiling point does not severely pit the stainless alloys. All specimens exposed to this solution should be suspended in the liquor and not allowed to rest on the flask as this can cause pitting.
When 18-8 stainless wire hooks are used to suspend specimens we notice a severe pitting attack a t the vapor liquor level and for this reason we use glass hooks and keep the test specimens submerged.
In flasks that contain about one liter of solution we frequently use the same solution for 300 hr. before changing to a fresh solution. During this period it is necessary to check the temperature every 24 hr. and add water to adjust the boiling point. I n This test for transgranular cracking corresponds to the Strauss or Aborn test used to detect intergranular susceptibility. The testing procedure that we are developing does not have the years of correlation with service conditions such as the boiling nitric acid test for general corrosion resistance, nor the experience of the brass industry in predicting whether the material will fail in service by stress-corrosion cracking (often called season-cracking).
FIG. 6 . -T L B E SECTIONS CUT FOR RESIDUAL STRESS 11EASUREMESTS ( X 1%).

FIG. 7.-STRESS CRACKS PRODUCED BY HIGH LONGITUDINAL AND HOOP STRESSES I N COLD-DRA\\N
I n order to determine the sensitivity of the MgClz solution boiling a t 309 F. for residual stresses that will cause transgranular cracking, some 5. 4 in. outside diameter by 0.035 in. cold drawn welded type 347 and 316 stainless steel tubing was cut into I-in. lengths, heat treated, pickled in nitric-hydrofluoric acid and suspended in the boiling solution.
The residual stresses in the tube sections were calculated by using the formula from "Practical Metallurgy "(5). Figure 6 exhibits the method of slitting the tube sections to determine the residual stresses. The type 347 tubing had a higher longitudinal stress than hoop stress and the resulting stress failure tended to be spiral. The type 316 tubing had a much higher hoop stress than longitudinal stress and the stress failure was longitudinal. Figure 7 illustrates the typical cracking produced by high longitudinal and hoop stress. Table I . Table I1 shows some results of tests conducted on several samples of welded and annealed tubing. Apparently the stress imposed after annealing by the straightening rolls is sufficient to produce opened up completely after 48 hr. of exposure. When a 4-in. specimen of this severely cold-worked material was prepared by annealing one end for about 2 in. of the length we were able to produce a crack which extended through the tube wall only after 408 hr. of exposure. The crack was localized in the cold-drawn end of the specimen near the middle of the section tested. Figure 10 shows the longitudinal crack that developed in the colddrawn end of the tube adjacent to the section that was annealed.
Figures 1 1 and 1 2 show the corresponding microstructures of the type 321 stainless steel sample.
The annealed end of the cold-drawn sample was tested separately in boiling MgC12 solution and failed to crack after 336 hr. of test. The annealed section was then stressed by flattening the tube section elastically. Transgranular cracks were evident in this sample after 72 hr. in MgCl2 and are shown in Fig. 13 .
This experiment is of interest since it resisting stress cracking to a greater degree than smaller amounts of cold work or even stress below the yield point of the material. I t is also interesting to note that the combination of the magnetic breakdown product with the annealed austenitic structure resists cracking to a very marked degree. I t is of interest to note that the time to crack and the time to fracture of the tubular specimens varies with the amount of the calculated residual stress. Superficial cracks develop quite early a t very low stresses but do not always result in the tube section opening within 300 hr. I t appears that a stress intensity of more than 10,ooo psi. is required to open a tube section when the sample under test is between I and 2 in. in length.
Several compositions of stainless alloys were fabricated into horse-shoe specimens and tested in MgC12 boiling a t 309 F. The data from several of these tests are shown in Table 111 . These tests were made to develop more informati011 on alloys * Nominal chemical analysis.
(1) Pp1ished.-With No. 120 Aloxite belt after heat treatment. All polishing parallel to long direction of specimen.
(2) Plckled 1n.40 per cent nitric acid and 4 per cent hydrofluoric acid used a t 180 F.
(3) Same spec!men used-first plckled and tested 624 hr.. then ground and tested 720 hr.
(4) Same spec!men used-shaped from I950 P. water uenched annealed bar stock, pickled and tested 624 hr., then severely ground and tes (5) Same speclrnen used-first pickled and tested 768%. then surface ground first cracks a t 72 hr. no failure after 816 hr (6) Same specimen used-First polished and stressed t o ;o.ooo psi. tested 456hr.. then stressed beyond yield point and tested 408 hr.
(7) Pickled-10 per cent HzSO,, 5 per cent by weight NaNOs and 5 per cent NaCl use hot a t 200 P. This pickle inter ranularly attacked xept 2100 P. and 1. 950 P. heat treatments. The ickle for fri hr. did not intergranularly attack any Hastelloy B sheet or weld Jeposit.
(8) Same speclm,e? used-first pollshed antstressed t o 30,000 psi.. tested 456 hr.. then stressed beyond yield point and tested 120 hr. FIELD OBSERVA.L.IONS I n our field work on the problem of stress-corrosion cracking we examined a high-pressure stainless steel autoclave that presented some fine cracks on the inside surface. These occurred suddenly after several months of service.
The surface of the rolled type 347 (18-8 Cb) stainless and the weld metal in the seams had areas of fine hairline cracks. T o investigate the depth and nature of these cracks a specimen was trepanned from the material with the weld prober. Figure 14 shows a typical area that was examined. A cross-section prepared from the probed sample for microscopic examination of the cracks showed them to penetrate about 1 / i 2 in. The cracks were transgranular, quite perpendicular to the surface and showed little tendency to branch in other directions. Figures 1 5 and 16 illustrate the transgranular path of these stress cracks.
The material had been given a solution heat treatment after welding and the nature of the cracks are identical to those found on similarly heat-treated material when tested in boiling MgClz solutio~~s.
I n this particular field case the areas exhibiting stress-corrosion cracks were removed by grinding of the surface and reoccurrence of these cracks has been eliminated by the use of special inhibitors which were added to the process stream. This case illustrates the desirability of using stress-corrosion specimens in chemical equipment where they can be periodically removed and examined to determine whether the materials in the process are going to produce stress-corrosion susceptibility. Stress-corrosion specimens along with flat unstressed specimens have been used to investigate alloys for refinery service. The unstressed specimens are used to determine corrosion rates and tendency for pitting corrosion.
Occasionally low-temperature sections in crude distillation equipment are corroded a t a more rapid rate than other sections of the same equipment.
Quite often such sections are relined with a material that is susceptible to stress-corrosion cracking. The results of a series of alloys made up into stress-corrosion specimens can be very useful in determining the proper alloy to use such as was the case we investigated of a tower lined with type 410, (11 to 13 per cent chromium) stainless. I n this section of the tower straight-run gasoline vapors a t 360 F. were corroding the lining. For this location we provided stressed and unstressed specimens of 1 1 to 13 per cent chromium, 16 to 18 per cent chromium stainless steel, 18-8, 18-8 Cb, 18-8 Mo, 18-8 Mo Cb, monel and Hastelloy A and B.
The specimens of the straight chromium alloys, the 18-8, 18-8. Mo and Hastelloy A were pitted, but the monel and Hastelloy B were not. Of the stressed specimens tested only the straight chromium alloys and the monel were without cracks. Several of the 18-8 and 18-8 Mo specimens failed completely across the stressed portion of the samples. Intergranular and transgranular cracks were formed in the 18-8, 18-8 Mo, Hastelloy A and B alloys, but no general intergranular attack was evident on the surfaces. (See Fig. I 7.) I t was concluded from this series of tests that the austenitic stainless alloys under stress were so unfavorable that they could not be considered for the service conditions and monel was the only alloy tested that would withstand the pitting and stresscorrosion attack. From these results monel was selected for relining the section being corroded and has been satisfactory for the service conditions.
Fortunately the necessary corrosion conditions for stress-corrosion cracking of the austenitic alloys are not too common and we believe that when these conditions do occur an alloy can be selected to prolong the life of the equipment or an inhibitor may be added to the process to protect the stainless surfaces.
Our experience in the use of allovs for corrosive service and particularly in a new field where alloys have previously not been tested dictates the consideration of stressed specimens for laboratory and pilot-plant testing before basing the selection of the alloy.
Acknowledgments:
The author wishes to express his appreciation to the officials of the A. 0. Smith Corp. for permission to publish the results of these observations. I t is a pleasure to record here the assistance of members of the Metallurgical Research Department.
and particularly the work of Robert A, Huseby who conducted the tests, and carried out the metallographic study. form) .-Messrs. Franks, Binder and Brown are to be congratulated for the splendid paper that they have presented. We have not made stress-corrosion tests with the cantilever type of specimen which they describe, but it is well known that a uniform stress across a certain portion of the gage length can be obtained with such a specimen. This type of specimen would appear quite expensive to make.
The writer was interested in the authors' remarks concerning the erratic results obtained from specimens with cold sheared edges.
I t might be of general interest to record here some results we obtained with annealed sheet N4 in. thick of type 304 stainless steel.
The material was tested in the form of beam specimens stressed to 40,000 psi. with the exception of specimen No. 4.
After specimen No. 4 had been exposed 65 days without any signs of cracking we applied a strain gage and measured the stress as 25,810 psi. This value is considerably higher than we find for some of the type 347 stainless alloys and suggests that 18-8 might have a different threshold value for stress-corrosion cracking than 18-8 columbium.
The test data in Table I show that strain caused by cold work or polishing has a pronounced effect in lowering the time for failure.
I n my paper I showed values of 8 hr. and 17 hr. to stress crack cold-rolled type 301 stainless steel stressed beyond the yield point. This steel contained 8.31
45
per cent nickel and 18.86 per cent chromium and compares in time to failure with the steels of the authors containing much lower nickel and chromium. 4 and 5 of my paper are from the tension surfaces of the stresscorrosion specimens.
I n answer to the question of the differences of the cracks caused by tensile and compressive stresses, I can offer the following:
Two specimens of tubing 1.9-in. outside diameter by 0.065-in. wall, Type 347 stainless steel were submitted to me for examina- tion. One had been exposed to 38 per cent hot MgClz on the inside surface only and was severely cracked and pitted. The inside surface was covered with a network of fine cracks proceeding in a general longitudinal direction. The other tube had not been placed into service but-was supposed to represent the tubing in service. We examined the unused tube for residual stress and found that it had compressive stresses amounting to 2300 to 3800 psi. MThen the tube was cut longitudinally it tended to collapse.
We examined the used tube and it had stress cracks which were transgranular in nature and characteristic of cracks found in similar material under tensile stress. The accompanying Fig. I shows the nature of the cracking on the inside surface of the used tubing. This was prepared by slitting the tube and flattening to show cracking on the inside surface. CHAIRMAN A. L. FEILD.)-M~. Franks said in his talk that the reason he came here was not because he felt he knew very much about stress corrosion but because he wanted to cooperate. I think that is true of every one giving a paper here today. We have here a type of difficulty which I don't believe anyone thoroughly understands. I t has been my experience occasionally over a good many years to work around and give the most accurate and careful study to a problem without finding the answer, because the vital link in the chain has not been located. I am frank to confess I myself have no suggestion to offer in the case of stress corrosion. Mr. Franks has spoken of course about the stainless steels, as did
Mr. Scheil. 0. B. Ellis of the American
Rolling Mill Company, states in the first or the second paragraph of his paper that he has only noticed six cases of stress corrosion in sheet or flat rolled products. Coming from a company making stainless bars and wire I am frank to state I have never seen but one case, and I would hardly call that a case, because it was a question of zinc penetration. JAMES T. W A B E R .~-~~ the papers of Mr. Scheil and of Mr. Franks and coworkers, the reproducibility of cracking times when using the 60 per cent hydrated magnesium chloride solution has been questioned. On the basis of about one hundred samples, it has been shown that by carefully buffering the magnesium chloride solution to an approximate p H of 2.1, the reproducibility can be considerably improved. This work was done using straight and stabilized 18-8 steels. (18-8Mo) failed to crack in this buffered solution in 3000 hr.
Our experience confirms that of Mr. Scheil with regard to pickling. After noticing that the surface of polished 18-8 specimens contains cold worked metal to the depth of several thousandths of an inch, we determined to study the effect of
Front
Mr. Scheil is to be complimented on his extension of stress-analysis methods to the study of the complex cracking of stainless steels, and on the use of several other techniques in the research he described.
F. L. L A Q U E .~-T~~~ discussion applies to the three papers on stainless steels. The results of our own research on stress-corrosion cracking of stainless steels confirm the principal conclusions reached by the authors of the papers on this subject and require no further comment.
I n addition, we have a considerable amount of data on the incidence of stresscorrosion cracking in practice. While these data are qualitative, nevertheless we believe them to be significant.
I n the investigation of the possible suitability of various materials for different services in corrosive solutions, we fre-
Number of Cracks Hours
--] 30 quently expose specimens in the form These specimens were taken from a single of disks identified by letters stamped on heat of 302 type steel air cooled from them without any effort being made to 1900 F., and loaded to go per cent of the yield point (0.01 per cent offset). The relieve stresses after this operation.
Monsanto solution contains approximately
Mr. Scheil used a slide (Fig. 2 above) 
Remarks
All cracks fine and equally distributedin both areas. which demonstrated that stresses associated with such stamped identification marks are capable of initiating cracking if the corrosive medium is appropriate. We have, in fact, encountered cracking around identification marks on such test specimens. However, the important point is the rarity of this occurrence.
During the past 17 yr. we have exposed in this way some thousands of specimens of stainless steel in over a thousand environments covering many kinds of chemical processes, atmospheric conditions, sea water, and the natural waters.
I can recall up to now not more than a half dozen stainless steel specimens which showed stress-corrosion cracking around the stamped identification marks. Furthermore, where this did occur, it was in contact with such media as magnesium chloride now known to have a specific effect in causing this kind of damage. Similarly, there have been not more than another half dozen cases of such cracking of the thousands of test specimens of the other materials that we have exposed in the same way.
While, as mentioned previously, these observations were not part of a systematic study of stress-corrosion cracking, they do emphasize that the combinations of corrosive media and stress that produce the effect are not likely to be encountered with any alarming frequency in the ordinary use of corrosion resisting alloys. CHAIRMAN A. L. FEILD.-I think Mr. LaQue has put his finger on an important factor in this whole matter. As Mr. Thomas said, in presenting Mr. Ellis' paper, they have thousands of coffee urns with only a couple of failures. I t occurs to me that the way they make those coffee urns is so nearly standard that the material does not vary very much. I t must be due to some peculiar condition of environment as Mr. LaQue has stressed, and I hope some one here during the present discussion will have some further evidence of that fact.
B. A. ~O R N H A U S E R .~-F~O~
the papers read so far and from their discussion, apparently the surface condition of the specimens is a n important factor. I t is very interesting that the polished, annealed or stress relieved stainless steel specimens of relatively low alloy of Mr. Scheil's failed when the same specimens in the pickled condition were not affected. I n view of data indicating that cold worked surfaces of polished specimens are normally in compression, superficially, it would appear that the stress-corrosion fatigue life of such specimens would be superior. Seemingly, although the cold worked surfaces may be in compression, these compressive stresses are neutralized or exceeded when that surface is placed in tension during testing. I n the relatively low alloy stainless steels, it is likely that attack occurs a t a precipitated phase (such as ferrite) resulting from the polishing operation. I n the case of the pickled annealed, relatively low alloy stainless steels, inasmuch as there is no cold worked surface, corrosion attack could not occur a t a precipitated phase. The neutralizing or overcoming of the compressive stresses in the polished specimens and the occurrence of corrosion attack after a threshold stress may be related.
From data, it appears that low alloy steels and the so-called stainless steels apparently have comparable fatigue lives if they possess approximately the same strength and if corrosion is not involved. Under conditions of stress-corrosion fatigue, the increased life of the stainless steels is apparently due to their ability to resist corrosion. While the nonstainless steels are suitably protected, they remain on a par with the stainless steels. However, as soon as the protective coating breaks down, a decrease in the stress-corrosion fatigue life occurs. When corrosion pits or stress raisers have an opportunity to grow during slow cyclic stressing or prior to stressing, the endurance life is markedly reduced.
I t is believed that all alloys are susceptible to attack. I n alloys where a fluid (liquid or gas) is present which is able to dissolve one or more of the elements composing the alloy, corrosion will occur. In the reported cases of stress-corrosion failure of 18-8 stainless in the presence of steam, such failure may be due to the attack of chlorides possibly present in the steam or atmosphere. The failure of the coffee urns probably resulted from the presence of some fluid which was capable of attacking the stainless steels.
J. S. MACKAY.'-M~. Scheil has talked of pickled surfaces versus polished surfaces. Are these pickled surfaces passivated before testing?
We have recently had a case of failure due to stress-corrosion cracking. This took place from the inside of a 1%-in. inside diameter cylinder (autoclave) through a %-in. wall to a thermocouple well drilled in the wall. This autoclave was machined from a 4-in. billet of Type 347 stainless steel and was not subsequently annealed. The inside of the autoclave was exposed to ammonium carbonate a t temperatures up to 450 C. but the surface had not been badly corroded. The crack was inter and transgranular. Would the drilling of a thermocouple well without subsequent annealing be considered particularly liable to cause stress-corrosion cracks? First.-All speakers confessed inconsistency of results. We found it necessary to use a specially prepared reflex condenser to get comparable results on austenitic tubular products. The data we have collected though, are probably not consistent with any other tester, since the constants of the test are not standardized. In our opinion results from laboratory-to-laboratory will be meaningless until standards are agreed upon.
Second.-Mr. Scheil stated that he has developed cracks in tube as a result of cold work from a straightening operation. While it is true that tube straighteners will impart some cold work in straightening, the type of straightener used, as well as the original temper of the tube, are important factors. We have made a number of tests that show that a properly annealed tube will not develop cracks when tested after straightening. A hard tube will expand, and a dead soft tube sink, during the operation, but a normal straightening operation on tubing annealed to B75-80 Rockwell will not develop cracks in magnesium chloride.
Third.-The speakers agree that a polished section shows a greater tendency to crack in the magnesium chloride test. We have tested tubing polished No. 180 Grit, both OD and ID, and have not noticed this tendency providing the polished, as well as the pickled, sections were tested with the same static stress. What type of polish, and to what degree were the specimens polished that showed the greater tendency to crack? F. W. DAVIS.~-I should like to ask Mr. Franks if he has observed any relationship between stress-corrosion susceptibility and the direction of applied stress relative to the rolling direction of stainless steel sheets. The Badger Co. manufactures bellows type stainless steel expansion joints which are used to absorb expansion in pipe lines. Since the movement of the pipe due to thermal expansion is absorbed by compression of the stainless steel bellows, the metal in these bellows is subjected to appreciable bending stress. I t is our experience that so long as the bellows is fabricated so that the "grain of the metal," that is, the rolling direction of the sheet is parallel to the axis of the joint or pipe line so that the bending action is normal to the rolling direction of the original stainless steel sheet, the bellows will withstand a surprising amount of punishment with no evidence of failure through stress corrosion.
I recall one instance, however, in which a number of stress-corrosion failures came to our attention. Investigation disclosed that due to improper installation the bellows of the expansion joints had been subjected to a shearing action of such a magnitude as to distort permanently the corrugations. The failures consisted of typical stress-corrosion cracks which were detected after about five months' service. The cracks were all found on the straight section of the bellows unit where the shearing action had been concentrated and were in general parallel to the rolling direction of the stainless steel sheet. I t was found on further investigation that -the only corrodant present had been condensate containing a maximum of 18 ppm. of chloride. I t was also disclosed that only those joints which had been subjected to shear and which had badly distorted corrugations were affected.
Since it was felt both by the customer and ourselves that water containing so low a percentage of chlorides could hardly be responsible for the serious failures found, it was decided to make a test with stainless steel strips in order to check the field results. These test strips were prepared from columbium stabilized 18-8 type stainless containing between 1 1 and 1 2 per cent nickel, as this was the analysis of the original material. I n preparing the specimens, one of the strips for test was sheared so that grain in the metal was in the direction of the length of the strip. In the second one, the grain of the metal was a t right angles to the length. Both strips were bent to a horseshoe shape and immersed in a prepared sodium chloride solution containing 18 ppm. of chloride. After 4 hr., the test specimen in which the bend had been made parallel to the rolling direction of the sheet had failed by cracking a t a point of maximum stress. The sample in which the bend was normal to the rolling direction remained in the solution for between 50 and 60 days with no apparent effect except some slight local pitting.
I have seen no reference in the literature to the effect of "directionality" on stress corrosion in stainless steel and wonder if Mr. Franks has encountered results similar to those of our tests. Co., brought out one fact about stresscorrosion which has not yet, so far, been emphasized. That is, the question of directionality. Now I wonder if anyone here in the audience has ever seen a stresscorrosion failure where the property of directionality can be definitely ruled out.
RUSSELL FRANKS (Author).-It hasn't been emphasized very much, but most investigators of this problem, I believe, feel that internal residual stress is a very important factor.
For example, in the case of the stencil, it would seem that the question of whether a stenciled sample could be made to fail would depend on whether it was struck with a heavy blow or with a light blow. In other words, the question of how deep the stencil penetrates the metal has a great deal of bearing on the amount of residual stress introduced.
We also have made one other experiment which has not been reported in the paper, in connection with the influence of residual stress. In this experiment we used a regular horseshoe-shaped sample prepared as described in our paper. The metal in the outer fibers was stressed in tension bv means of a tie rod. In this condition, cracking took place on the outer fibers, and I can say without reservation that we have never had an instance in which failure occurred anywhere except in these tension fibers. However, when no tie rod was used, cracking occurred on the inner fibers, which bore the residual tensile stresses resulting from the forming operation. This example, I think, illustrates the importance of the role that internal residual stress may play in stress-corrosion cracking.
Mr. Davis' remarks in regard to the relationship between stress-corrosion cracking susceptibility and the direction of applied stress relative to the direction of rolling of stainless steel sheets brings up an important point. Our tests to date have all been made with the axis of the bend normal to the rolling direction; therefore, we cannot offer any data on tests made with different orientations. V. N. KRIVOBOK.~O-I~ would be advisable to spend a bit of time in trying to summarize what we learned today. The work of the authors is of such an extensive nature that listening to it for 2 hr-and this is no reflection on the authors-I find it difficult to keep various subjects clearly differentiated. A few specific topics deserve, I believe, some clarification.
Number I is the fact, on which we all agree, namely, the determination of actual stresses under which the failure occurs, do not coincide. In the case presented by Mr. Scheil it was below, as I recollect, 10,000 psi. in type 347 and 316 stainless. I n another case I believe it was as high as 25,810. I would like to suggest that the samples which we stressed are not homo geneous but are composed of a number of grains with all kinds of discontinuities . and orientations and that, therefore, the stress distribution within the sample is not uniform and is not what we make it. Hence, it is not surprising that the actual stresses do not coincide. This leads me to the tentative belief that we should attempt to elaborate on the technique of stress determination before we can make any commitments regarding the actual values of the stresses involved.
Suppose we take, for example, the sample which was cited by Mr. Franks, that of the equal stress distribution: it is bent so that the stress is equally distributed through the cross section. Note that the sample is permanently bent. We know that 18-8 as well as other alloys flow even at room temperature when subject to constant stress application; thus the magnitude and distribution of stresses will depend upon the time that the sample was held under stress and it is certain that redistribution of stresses should have taken place.
An important fact which was brought out today is this: All stress cracking takes place in the member which is stressed in tension. Allow me to recite an experiment which although it pertains to a difierent metal has nevertheless, direct bearing on the subject.
In this particular case, investigation concerned a magnesium alloy quite susceptible to stress corrosion-many of you have seen samples of it. Following the usual method of testing for stress corrosion, the samples of magnesium alloys have been stressed and then put in a "corrosive" solution, in this case tap water. They all cracked, on the tension side of the sample. No idea could be had on the magnitude and distribution of stresses since the 310, 321, 329, , and Worthite.
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Only the 35-15 alloy, Inconel, and Has-A day a t a meeting such as this is most telloy C did not crack in the polished stimulating and I should like to offer my condition.
humble appreciation to the authors and to Figure 3 illustrates some of the speci--the sponsoring societies.
mens with fine cracks that developed M. A. SCHEIL (Autho~).-I will try to during testing, but did not cause ultimate cover these remarks made by the people failure of the horseshoe specimen. Figure 4 shows the deep pitting condition on a specimen of Type 430 stainless with no evidence of stress cracking. Figure 5 illustrates some of the polished specimens that failed whereas the duplicate specimens with the pickled surfaces did not show stress cracks or failure. Figure 6 illustrates the transgranular path of stress-corrosion cracking produced by the MgC12 test in material that was sensitized and very susceptible to intergranular attack. Both the Type 316 and 310 stainless alloys were heated to 1200 F. for I hr. to sensitize. This experiment shows conclusively that MgClz solution is an unusual test medium in that it invariably causes transgranular cracking to stressed austenitic alloys even though these be in a very susceptible condition for intergranular attack. is lightly pitted and shows no evidence of propogation of the original stress cracks. Figure 8 illustrates the extent of the cold work due to polishing the Type 309 specimen and a typical stress crack which developed after 24-hr. exposure to MgC12. To reveal the extent of the cold work the horseshoe specimen was heated to I 2 0 0 F. to precipitate carbides in the strained tube of yours is rather interesting. I would like to see it. I know if you are welding a tubular member into another tubular member and one section is heavier than the other, you can develop appreciable stresses in the sections, in the thinner section, that is.
With reference to R4r. Deitrich's remarks on reflux condensers, we are not using the ordinary type of column condenser. We are using an Eck and Krebbs similar to the modification used by Du Pont. We used to watch our solution very closely and adjust the boiling point. However, since we started using this type of condenser we do not have to adjust the boiling point.
Mr. Deitrich mentioned their experience with tubing and he questioned our strain measurements after the tubes had been annealed and straightened. In the earlier part of this work, I questioned our stress samples. These haven't been cold-drawn much. Now the important thing to remember is regardless of how we calibrate these stresses or think about the uniformity of stress in the tube or any member, we are going to stress, I have never yet seen a single crack develop. T h e~e is generally more than one crack. Why, I don't know. I t may be one of the things Mr. Krivobok mentioned, that the stress distribution hetween the grains is quite non-uniform. I have shown in Fig. 7 in the paper that you sometimes obtain measurements also and I went to a friend of mine who has had much experience with tubing and said, "I wish you would check me on this." They took some 3 in. outside diameter tubing with a 0.120-in. wall. Type 304, annealed, air-cooled, pickled, machine straightened, and calculated the hoop stress at 11,860 psi. This was proof that the straightening operation was doing something that their annealing had taken out.
I want to thank Mr. Krivobok for his remarks. I don't know how many people in the audience have done any of this work, but I brought along a few tube cracks in a spiral fashion. Why is it when you sink a tube sometimes you come out with high longitudinal stress and practically under the same conditions you might come out with higher hoop stresses? I wish to point out there are also many cracks across the tension surface of a horseshoe specimen as shown in the accompanying Figs. 3 fabricated from N4-in. thick sheet and been determined as yet but it is obvious heat treated after machining a t 1600 F. that the limiting stress is below 20,000 psi. for 2 hr. The highest stress on these speci- Figure 10 shows the failed stressmens was below the yield strength a t 0.20 corrosion beam specimens and illustrates per cent offset and the lowest stress was that failure does not always take place a t below the elastic limit for this material the point where maximum stress is expected.
